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論文内容要約 
Chapter 1 Introduction 
Technology advancement in recent years has seen rigorous development in devices toward more 
compact (miniaturization), integration, multi-function and more importantly high performance. For 
this goal, nano-granular film, which is composed of immiscible magnetic granule and ceramic matrix, 
has attracted significant attention as a promising candidate owing to its simple process and fruitful 
properties such as Hall effect, magneto-optic properties and so on. Herein, I would like to study the 
compositional dependence of magnetic and dielectric properties (high-frequency soft magnetic, 
tunneling magneto-resistance (TMR) and magneto-dielectric (TMD) properties). The granule size, 
topology, distribution and interaction play a significant role in realizing the properties. And hence, 
controllable granule size and distribution remain central issues. Particularly, in the case of 
magnetically soft nano-granular films, the granules tend to exhibit perpendicular columnar structure, 
leading to deterioration of high frequency soft magnetic properties. At the same time, for TMR and 
TMD, the low-field sensitivity is, to date, still small and far from application.  
Thus, I aimed to (1) propose a new discontinuous dispersed Co based nano-granular structure by 
co-sputtering and co-separate sputtering method, and (2) to control or enhance the magnetic and 
dielectric properties. In chapter 2, the soft ferromagnetic properties of Co-HfN nanogranular and 
discontinuous granular films were investigated with Co content range of 50-80 at. %. In chapter 3, I 
choose the AlF as matrix due to its high electrical resistivity and large heat of formation, with reducing 
the granule content to 30-5 at. %, the TMR properties were studied. In chapter 4, the TMD response 
with granule content range of 10-30at. % were touched in this work. In chapter 5, the conclusions 
were summarized and the future prospects were given.  
 
Chapter 2 High frequency soft magnetic properties of discontinuous dispersed Co-HfN nano-
granular films 
In this chapter, I discussed the high frequency soft magnetic properties of Co-HfN nano-granular 
and CoHfN/HfN discontinuous granular films. First, I prepare the Co-HfN nano-granular films by 
co-sputtering method. Results show that the films show rotational magnetic anisotropy over a wide 
range of Co content due to intrinsic growth-induced Co columnar structure. The field-dependence of 
magnetic domain structure has demonstrated that the stripe domain will rotate and become parallel to 
the magnetic applied field, which is attributed to the high-frequency response on permeability of Co-
HfN films. The permeability and resonance frequency of the Co58Hf14N28 films are 40 and 2 GHz, 
                 ツァオ ヤン 
氏 名          曹      洋  
研究科，専攻の名称 東北大学大学院工学研究科（博士課程）材料システム工学専攻 
学 位 論 文 題 目          Magnetic and Dielectric Properties of Discontinuous Dispersed
Co Nano-granular Films by Sputtering Method(スパッタ法によ
る不連続分散した Co ナノグラニュラー膜の磁気•誘電特性) 
論 文 審 査 委 員          主査 東北大学教授 増本 博    東北大学教授 高梨 弘毅 
               東北大学教授 今野 豊彦  東北大学教授 杉本 諭 
respectively. The Co-HfN nano-granular 
films have high potential application for 
devices with in-plane isotropic response 
operated at high frequency band. 
 However, the perpendicular component 
in the films is still difficult to control, which 
left as a problem for the researchers. In order 
to realize the controllable anisotropy field 
and high frequency response of 
permeability, the CoHfN/HfN 
discontinuous granular structure was 
proposed. By handing the CoHfN granular 
layer and HfN interlayer thickness with 
care, transition between magnetically 
softness and perpendicular anisotropy was 
observed as shown in Fig. 1. Frequency 
dependence of permeability demonstrated 
that the resonance frequency (fr) was 
controlled in the range of 0.9-2 GHz. The 
adjustable fr by controlling the anisotropy 
field in granular-induced perpendicular anisotropy open new possibility in application for devices 
operated at high frequency band. 
Chapter 3 Tunneling Magneto-Resistance properties of discontinuous dispersed Co-AlF nano-
granular films 
In this chapter, I investigated the TMR response of Co-AlF nano-granular and Co/AlF 
discontinuous granular films. The Co-AlF nano-granular films were prepared by co-sputtering and 
co-separate sputtering method. Results indicated that the co-sputtered films show maximum TMR 
response (4.2%). In contrast, the co-separate sputtered films show clear granular structure and 
improved TMR response (7.3%). XPS depth profile has confirmed the existence of Al metal by co-
sputtering deposition, arising from the AlF decomposition due to the plasma collision. Particularly, 
the partition height dependence on the composition has exactly monitored the suppression during the 
deposition.  
Nevertheless, the low-field TMR sensitivity is still small, and up to now, studies on how to improve 
the sensitivity are rare. Herein, I succeeded to construct Co/AlF discontinuous granular films by 
controlling the shutter in front of the target, the crystalline Co granules with diameter of 3nm, are 
laminated by AlF amorphous matrix as shown in Fig. 3a, showing TMR ratio (R0-RH)/R0 of 2.5% at 
H=10k Oe. Deviation between TMR ratio and normalized magnetization (M/Ms)2 has confirmed the 
ferromagnetic component in Co(3nm)/AlF(5nm) films. It is observed that the Co-AlF nano-granular 
films exhibit relative low sensitivity, which is almost the same as that of Co(2nm)/AlF(5nm), since 
they possess only super-paramagnetic characteristics. The existence of ferromagnetic clusters in 
Co(3nm)/AlF(5nm) films improve field sensitivity of TMR. The Co/AlF discontinuous granular films 
through controlling both granule interaction and separation provide new avenue to enhance low-field 
sensitivity for future application. 
Fig. 1. (a) Schematic structure of discontinuous 
granular structure and contour of magnetic 
properties as function of both CoHfN and HfN 
layer thickness; (b, c) M-H curves of films with 
varied CoHfN and HfN thickness. 
 Chapter 4 Tunneling Magneto-Dielectric properties of discontinuous dispersed Co-AlF nano-
granular films 
Chapter 4 primarily studied the TMD response of Co-AlF nano-granular and Co/AlF discontinuous 
granular films. The TMD effect is observed in the Co-AlF nano-granular films and Co/AlF 
discontinuous granular films. The co-separate sputtered films exhibit maximum TMD ratio of 0.5% 
at 500 kHz. The theoretical simulation based on the spin-dependent oscillation between granules 
shows excellent fit to the experimental results. Up to now, the granule dependence on TMR and TMD 
properties has been systemically investigated in this work as summarized in Fig. 2. In general, the 
films prepared by co-separate sputtering method exhibit improved TMD and TMR properties than 
that by co-sputtering method. 
I also demonstrated the TMD response in Co/AlF discontinuous granular films. VSM results show 
that, the Co (2nm)/AlF(5nm) films exhibit super-paramagnetic properties, namely non-hysteresis and 
unsaturation characteristics, because the Co granules are isolated. The electrical resistivity ρ shows a 
strong Co layer thickness dependence, indicating the ρ is governed by electron scattering across the 
Co layer with respect to Co/AlF heterostructure. Besides, the magnetization is strong, owing to its 
good crystallinity of each granule. In contrast, the Co (3nm)/AlF(5nm) films has the combination of 
super-paramagnetic and ferromagnetic component, in which the latter has no contribution to the TMD 
effect but creating a magnetization flux passing through the isolated granule. The discontinuous 
granular films have high low-field TMD sensitivity. In order to quantitatively assess the low-field 
sensitivity, the (ε’H-ε’0)/(ε’10k-ε’0) value was defined as calculated in Fig. 3c. As a consequence, the 
low-field sensitivity of TMD response under H＜500Oe has been enhanced 300-times higher than 
that of reported FeCo-MgF nanogranular films. This discontinuous granular structure not only 
provides insight into understanding between granule interaction and TMD effect, but also offers new 
route in controlling the granule interaction, promising its application in magnetic sensors and other 
impedance-tunable devices. 
Chapter 5 Conclusion 
To conclude, I succeeded to fabricate a discontinuous granular structure with soft magnetic 
properties, TMR and TMD properties. The CoHfN/HfN discontinuous granular films has successfully 
enable the control of perpendicular component of films with anisotropy field (Hk) spanning from 180 
to 640 Oe. For TMR, in order to get a clear nano-granular structure, I also succeeded to develop a co-
separate sputtering method to suppress the plasma collision and obtain a clear Co-AlF nano-granular 
structure, which exhibit improved TMR properties. The discontinuous granular structure with 
enhanced low-field TMR sensitivity was achieved. Finally, I demonstrated the TMD response in Co-
AlF nano-granular and discontinuous granular structure. The discontinuous granular films have 
significantly enhanced low-field TMD response. This research is anticipated to provide new avenue 
in fabricating the nano-composite films, allowing us for changing the granule or interlayer interaction, 
granule topology and distribution, and subsequently realizing its controllable magnetic and dielectric 
properties.  
 
 
Fig. 2. TMR and TMD ratio of Co-AlF nano-granular films with wide Co content range of 0-50 at. % 
deposited by co-separate sputtering and co-sputtering method. Insets present their corresponding 
configuration of substrate holder. 
 
Fig. 3. (a) Cross-sectional TEM image of Co(3nm)/AlF(5nm) granular multilayers; (b) TMD 
response of Co(3nm)/AlF(5nm) granular multilayers and reported FeCo-MgF nano-granular films; 
blue line presents the fitting between TMD ratio and normalized magnetization (M/Ms)2; (c) low-
field sensitivity (ε’H-ε’0)/(ε’10k-ε’0) of Co/AlF granular multilayers and reported FeCo-MgF films. 
The ε’10k and ε’0 represents ε’ under H=10k Oe and H=0. Ref: N. Kobayashi, et al. Nat. Commun. (2014). 
